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ABSTRACT   
In this work, we demonstrate preliminary results for a hermetically sealed, metal-packaged fibre Bragg grating strain 
sensor for monitoring existing concrete wind turbine foundations. As the sensor is bolted to the sub-surface of the 
concrete, it is suitable for mounting onto uneven, wet and degraded surfaces, which may be found in buried foundations. 
The sensor was able to provide reliable measurements of concrete beam strain during cyclic three- and four- point bend 
tests. The strain sensitivity of the prototype sensor is currently 10 % of that of commercial, epoxied fibre strain sensors. 
Keywords: concrete foundations, cracking, fibre Bragg gratings, structural health monitoring 
 
1. INTRODUCTION  
The degradation of reinforced-concrete wind turbine foundations is a frequently modeled, but rarely measured parameter 
which fundamentally influences design and construction [1]. Over time, dynamic wind loads and bolt prestress can cause 
localised tension in the concrete, leading to cracks which span the foundation plinth [2]. A common approach for 
measuring stress and cracking within large reinforced-concrete structures is to attach strain sensors to the embedded 
reinforcing rebars, but this solution is only plausible for new constructions [3]. 
For existing foundations, retrofitted, surface-mounted strain sensors may provide some indication of structural integrity. 
Fibre Bragg grating (FBG) strain sensors are often used in other civil applications as they are small, chemically inert and 
can be serially multiplexed [4]. Unfortunately, the provision of suitable packaging and attachment methods to ensure 
long-term sensor reliability remains a challenge [5]. Designing sensors for the surfaces of wind turbine foundations is 
particularly challenging as the structure is buried and exposed to the damaging effects of soil shear and water [6]. 
Furthermore, strong adhesion and good strain transfer are difficult to achieve with conventional sensor-bonding methods 
such as epoxy, as excavated concrete surfaces may be wet, uneven from cracking and highly unstable due to spalling [7]. 
In this work, we present preliminary results for a rugged, hermetically sealed, metal-packaged fibre sensor, that is 
suitable for bonding to a spalled concrete foundation. The sensor is characterised and then attached to the surface of a 
reinforced-concrete beam and placed under dynamic three- and four- point bend tests. The strain response is verified 
using commercially available displacement and strain sensors. With further work and design iterations, these sensors 
may provide a promising solution for crack monitoring in buried foundation environments. 
2. SENSOR DESIGN AND FABRICATION 
2.1 Overview 
The layout of the packaged sensor is shown in Figure 1a. A 10 mm section of a copper-alloy coated optical fibre was 
stripped to allow side-writing of a type-I FBG. The bare section was enveloped and brazed into a 20 mm long kovar 
capillary (outer diameter 0.7 mm) using a two-turn induction coil, as outlined in previous work [8]. The capillary was 
then brazed to a 0.1 mm thick steel µVWUDLQ plate¶ (dimensions 2.5 cm x 15 cm). The strain plate was cleaned of any 
oxidisation and armoured cable was slotted over the addressing fibre to protect it from mechanical shear. For this initial 
prototype, sections of the brazed sensor and armoured cable were coated in silicone sealant. In future iterations, this will 
be replaced by a metal cage. 
  
 
 
 
The sensor was attached to the middle of a reinforced concrete beam (10 cm x 10 cm x 110 cm). Holes were drilled in to 
the beam to allow two, 10 cm square, steel µsupport plates¶ (approx. 1 mm thick) to be fixed to the beam using rawl 
bolts. As the support plates are bonded to the holes within the beam, they provide a flat and sturdy platform for the strain 
plate, which will not be affected by spalling of the concrete top surface. While it was not required in this case, the 
support plates may also be of different thicknesses to allow uneven surfaces to be levelled. The strain plate was welded 
across the bolted support plates using an electrical resistance spot-welder. 
                                  a) 
 
 
                                 
                                    b) 
     Figure 1. a) Layout of the sensor and b) sensor attached to concrete beam during four-point bend test. 
 
2.2 Characterisation 
The strain, ѓ, and temperature, T, GHSHQGHQFHRIDQ)%*VHQVRU¶V%UDJJwavelength shift, ȜB, are described by: οɉ୆ɉ୆ ൌ ݇ᖡᖡ ൅ ்݇ȟܶ (1) 
where kѓ and kT DUHWKH)%*¶VVWUDLQDQGWHPSHUDWXUHVHQVLWLYLW\UHVSHFWLYHO\,QWKLVZRUNWKHWHPSHUDWXUHVHQVLWLYLW\RI
the metal-packaged sensor was characterised in an environmental chamber between -4 Û&DQG Û&Figure 2 shows that 
the temperature sensitivity of the packaged sensor is 15.5×10-6 Û& 7KLV LV higher than the value for a bare FBG 
(0.8×10-6 Û&GXHWRWKHDGGLWLRQDOWKHUPDOH[SDQVLRQRIWKHattached steel parts. 
2.3 Testing method 
Prior to testing, the concrete beam was further instrumented with an epoxied, commercial FBG patch sensor. The 
commercial sensor is comprised of an FBG, sandwiched between several layers of plastic and epoxy. The patch sensor 
also contains a debonded FBG for temperature compensation. The instrumented concrete beam was installed into a 
loading apparatus for three- and four- point bend testing, as shown in Figure 1b. In the three point bend test, downward 
force was applied to the top surface of the centre of the beam. In the four-point bend test, forces were applied 15 cm, 
either side of the centre. The stroke (displacement) and force applied to the top surface of the beam were measured by 
the apparatus, while an LVDT monitored deflection of the lower surface. Cyclic displacements of 0.2 ± 3 mm, and cyclic 
loads of 0.4 ± 7.5 kN were applied to the beam. FBG sensors were interrogated at a rate of 2 Hz with a commercial 
interrogator (1 pm wavelength resolution, equivalent to approximately 1 µܭ). 
  
 
 
 
 
     Figure 2. Temperature sensitivity of the packaged FBG sensor between -4 Û& and 35 Û&. 
3. RESULTS 
3.1 Strain response 
Figure 3 shows the response of the commercial and metal-packaged strain sensors during a 5 kN four-point bend test. 
Both sensors are able to detect concrete strains without any hysteretic behaviour, but the metal-packaged strain sensor 
appears to have a lower sensitivity. The overall relationship between the applied force and measured strain during a 
three-point bend test, shown in Figure 4, reveals that the strain transfer of the metal-packaged sensor is approximately 
12 % of the commercial sensor. This low strain transfer may arise as the capillary is only bonded to the strain plate from 
one side, rather than enveloped [9]. Plastic deformation of the strain plate may also have contributed to strain loss, and so 
thicker strain plates may be trialed in future work. 
 
  
  Figure 3. Response of metal-packaged and commercial FBG strain sensors during four-point bend test (5 kN load) 
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Figure 4. Strain measured by metal-packaged and commercial patch sensor as a function of force during three-point 
bend test. Note that the metal-packaged sensor strain response has been multiplied by 10 for clarity. 
4. CONCLUSIONS 
In this work, we have demonstrated a prototype metal-packaged fibre Bragg grating strain sensor for surface mounting 
onto spalled concrete foundations. By bonding to the sub-surface of the concrete, the sensor was able to provide reliable 
strain measurements of a concrete beam during cyclic three- and four- point bending tests. In this preliminary work, the 
bespoke sensor¶V strain sensitivity was approximately 10 % of that of a commercial fibre strain sensor. With further 
design iterations, this sensor may provide long-term, accurate measurements of cracking in buried concrete foundations. 
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